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Carotenoid shiftIonic liquids (ILs) are promisingmaterials exploited as solvents andmedia inmany innovative applications, some
already used at the industrial scale. The chemical structure and physicochemical properties of ILs can differ sig-
niﬁcantly according to the speciﬁc applications for which they have been synthesized. As a consequence, their
interaction with biological entities and toxicity can vary substantially. To select highly effective and minimally
harmful ILs, these properties need to be investigated. Here we use the so called chromatophores – protein-
phospholipid membrane vesicles obtained from the photosynthetic bacterium Rhodobacter sphaeroides– to
assess the effects of imidazolinium and pyrrolidinium ILs, with chloride or dicyanamide as counter anions, on
the ionic permeability of a native biological membrane. The extent and modalities by which these ILs affect the
ionic conductivity can be studied in chromatophores by analyzing the electrochromic response of endogenous
carotenoids, acting as an intramembrane voltmeter at themolecular level.We show that chromatophores repre-
sent an in vitro experimental model suitable to probe permeability changes induced in cell membranes by ILs
differing in chemical nature, degree of oxygenation of the cationic moiety and counter anion.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Ionic liquids attracted interest in the last decades as promisingmate-
rials and media for organic reactions, as substrates that are able to dis-
solve and process organic, inorganic and polymeric materials, thus
overcoming some technological barriers (e.g. solvent usage and energy
consumption) and allowing efﬁcient uses of renewable resources or
waste materials [1,2]. ILs consist of hindered organic ions and remain
liquid at temperatures below 100 °C. As a new generation of non-
aqueous solvents, ILs have many favorable properties such as near-
zero vapor pressure, a wide liquid range, low ﬂammability, high ionic
and thermal conductivity, high dissolution capability towards many
substrates and awide electrochemical potential window [3]. Important-
ly, ILs' physical properties can be ﬁnely tuned through the judicious
selection of cations and anions. Recently, ILs have found a series of
industrial applications [4] and have also been actively investigated asmpound; Chr, chromatophore;
biquinone-10; Δψ, membrane
.non-conventional replacements for volatile organic compounds (VOC)
with the aim of reducing VOC impacts on the environment.
Of particular interest are the interactions of ILs with proteins and
numerous reviews on biological/biochemical applications of ILs have
been published, focusing on enzyme activities [5]. Several proteins,
e.g. green ﬂuorescent proteins, papain, human serum albumin [6]
and cytochrome c [7,8] have been analyzed in biocatalysis experi-
ments in neat ILs (e.g. 1-butyl-3-methylimidazolium), or employing
ILs as water-miscible co-solvents [9]. These studies, however, have
been performed only at high IL concentrations, typically higher
than 1 M [10], and have not been extended to integral membrane
proteins.
When considering that different ILs affect differently the cellular and
subcellular biological levels [11], the characterization of their toxicolog-
ical properties is clearly needed in order to select the less harmful, but
effective ones. In the literature there are a few data about the micellar
properties of ILs with long (from twelve to eighteen carbon atoms)
and short alkyl chains [12,13,14], but little is known about the behavior
of ILs with chains containing oxygen atoms, although mono-
ethoxylated and polyethoxylated ILs exhibit some interesting pe-
culiarities, including good electrolyte properties [15] and remark-
able capabilities in stabilizing nanoparticles [16]. Additionally
they have been exploited in dye-sensitized photo-electrochemical
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lignocellulosic biomass [19,20].
A detailed understanding of IL interactions with natural membranes
is far from being exhaustive even if leaﬂets of lipids are often the ﬁrst
biological structures that come in contact with external agents and
stimuli. Some data have been collected employing simple model mem-
branes, composed by phospholipids [21–23] or giant unilamellar
vesicles [24]. To the best of our knowledge, no data are available
concerning the effects of ILs on the structural organization and perme-
ability properties of native cell membranes.
In this context, the intracytoplasmic vesicles known as chromato-
phores (Chrs), which can be easily isolated from several species of pho-
tosynthetic purple bacteria [25], can be considered a representative
model of cell membranes: the Chr membrane contains in fact all the
constituents of the bacterial photosynthetic apparatus in the native
phospholipidic environment [26,27]. In this model system, additionally,
photosynthetic processes can be studied by suitable spectroscopic
methods without any a priori limitation in time resolution, because
the cyclic electron transfer chain which drives the anoxygenic photo-
synthesis can be initiated by short pulses of light [28].
The molecular machinery catalyzing the light-induced cyclic elec-
tron transfer chain [28] is schematically represented in Fig. 1. It com-
prises two integral membrane proteins, the reaction center complex
(RC) and the cytochrome bc1 complex, which both interact with two
diffusible electron carriers, i.e. the water soluble cytochrome (cyt) c2,
entrapped inside the Chr vesicle, and a pool of ubiquinone-10 (UQ10)
molecules, dissolved in the hydrophobic region of the Chr membrane
bilayer. The electron ﬂow starts within the RC complex, where, follow-
ing light absorption, a special pair of bacteriochlorophylls called P,
bound at the periplasmic side of the complex facing the internal Chr
compartment, delivers an electron to theﬁnal RC acceptor, a UQ10 cofac-
tor bound at the opposite side of the complex, facing the external com-
partment. Thus, within a few microseconds, electric charge separation
occurs across the membrane dielectric. The photoxidized P+ is rapidly
reduced by cyt c2, which regenerates P available for the light-induced
transfer of a second electron. The second photochemical RC turnover re-
sults in the production and release of the doubly reduced and protonat-
ed UQ10 cofactor (ubiquinol) from the acceptor binding site of the RC
into the phospholipid bilayer, where the pool of UQ10 molecules is dis-
solved. The cytochrome bc1 complex oxidizes subsequently ubiquinol
from the UQ10 pool and re-reduces cytochrome c2, catalyzing a cyclic
electron transfer. Several steps of the electron transfer chain,Fig. 1. Simpliﬁed cartoon representation of the cyclic electron transfer chain driving anoxygeni
chrome bc1 complex and ATP synthase) are shown aswhite shapes, inserted into the Chr memb
bilayer in different shades of gray). Soluble electron carriers (cytochrome c2, inside the Chr vesi
circles. Cofactors of the RC and of the cytochrome bc1 complex are not indicated, except for the
cesses are indicated by black and gray arrows, respectively.within the RC and the cytochrome bc1 complex, involve the vecto-
rial displacement of electric charge across the bilayer dielectric,
generating an electrical membrane potential Δψ. As speciﬁc partial
reactions of the electron transfer chain are coupled to the uptake or
release of protons at the Chr-water interfaces, a proton electro-
chemical gradient (ΔμH+) is formed between the internal and exter-
nal compartments of the Chr, which drives H+ efﬂux through
the proton channel of the ATP synthase complex, catalyzing the
synthesis of ATP from ADP and inorganic phosphate [28].
During the last decades, a huge number of biochemical, spectroscop-
ic and structural studies led to a very detailed characterization of the
electron transfer chain of purple bacteria at the molecular level. The
RCwas theﬁrstmembrane protein for which the crystallographic struc-
ture was determined at atomic resolution by X-ray diffractive methods
[29] and today the crystallographic structures of the protein membrane
complexes involved in the anoxygenic photosynthesis of purple bacte-
ria are available [30–32]. As a result, Chrs can be considered the best
known intact membrane system, hosting a complete chemiosmotic,
energy-transducing system.
In the present work we examined the effects of several ILs on the
permeability of Chr membranes to ions. This study can be conveniently
conducted on Chrs from the wild type strain 2.4.1 of Rhodobacter (Rb.)
sphaeroides because they contain an endogenous spectral probe which
acts as an intramembrane voltmeter, responding in real time to the
generation anddissipation of the light-induced electricalmembrane po-
tential, i.e. to the electrical component (Δψ) of the ΔμH+ [26,33]. In fact,
when an intramembrane electric ﬁeld is generated by photoexcitation
of the electron transfer chain, the visible spectrum of the carotenoids
bound to the antenna complexes associated with the RC undergoes an
electrochromic shift to the red [26,27,34]. At appropriate wavelengths,
this results in absorbance change signals which respond linearly to the
electrical membrane potential Δψ [33].
While the rise of the carotenoid signal, induced by a short (microsec-
ond) light excitation, is due to the generation of Δψ by the electron
transfer steps mentioned above, its decay reﬂects ionic ﬂuxes across
the Chrmembrane, which include proton efﬂux through the F0 ATP syn-
thase channel [35] and passive ion diffusion across the phospholipid bi-
layer, as shown by the accelerating effects of ionophores [28]. In the
presence of speciﬁc inhibitors which block the F0 channel [36], the
decay of the carotenoid signal provides quantitative information only
on the permeability properties of the phospholipid bilayer. In intact
Chr vesicles, the decay of the carotenoid signal occurs in the secondc photosynthesis in purple bacteria. The integral membrane protein complexes (RC, cyto-
rane (depicted as a horizontal band, with polar head and hydrophobic regions of the lipid
cle, and the lipophilic ubiquinone-10 pool, dissolved into themembrane) are contoured by
primary donor P and UQ acceptor of the RC. Electron ﬂow and proton uptake/release pro-
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the kinetics of the carotenoid shift decay is extremely sensitive
even to a limited increase of the ionic permeability.
By using the above described approach,we have studied the effects on
membrane permeability of ILs characterized by the structures depicted in
Fig. 2. We investigated molecules bearing different cationic head groups
(1-methylimidazolium, N-methylpyrrolidinium and choline), with short
alkyl chains (butyl) and ether side chains (2-methoxyethyl), paired
with the anions chloride or dicyanamide (N(CN)2−). As a reference, we
have also tested an imidazolinium detergent with a long alkyl chain,
1-dodecyl-3-methylimidazolium chloride [C12mim][Cl] [14].
In previous papers it has been demonstrated that the introduction of
one oxygen atom into the lateral chain of imidazolium-based ILs
decreases their toxicity, as compared to the alkyl counterparts, towards
the crustacean Daphnia magna and the bacterium Vibrio ﬁscheri [37,38].
Data collected on simple membrane models (composed of egg-PC or
DMPC/DMPG, also including lipid rafts) revealed that different ILsFig. 2.Molecular structures of [Chol][Cl] and ILs used inwith alkyl or ethoxylated chains exhibit distinct membrane binding
properties [23,24]. In the present work, by using Chr vesicles as a
model of native biological membranes, we show that these differ-
ences are related to different alterations of the overall membrane
permeability. We have found that pyrrolidinium cations markedly
increase ionic conductance, at variance with imidazolinium cation
moieties, which negligibly affect ionic ﬂuxes even at high concentra-
tions (0.5 M). Furthermore, the extent to which membrane perme-
ability is affected was found to depend strongly upon the chemical
nature of the anionic moiety. By using a statistical model to analyze
the non-homogeneous decay of the carotenoid signals [39], we
attempted to interpret at a more mechanistic level the increase of
ionic permeability caused by speciﬁc ILs, and evaluated the average
number of permeating IL molecules per Chr vesicle, their individual
conductance, as well as the contribution of additional, aspeciﬁc
ionic leaks due to perturbations of the bilayer structure/dynamics
possibly induced by IL binding.this study; the adopted abbreviations are reported.
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2.1. Chemicals
All reagents and solvents used were purchased from Aldrich;
1-methylimidazole, N-methylpyrrolidine, 1-chlorobutane and 2-
chloroethyl methyl ether were distilled before use to avoid the
presence of color and the subsequent formation of colored impuri-
ties in ILs; ILs purity was found to be strongly inﬂuenced by the
purity of the starting products [23].
2.2. ILs synthesis and characterization
ILs were synthesized according to procedures reported in the litera-
ture [23,24] by mixing 1-methylimidazole or N-methylpyrrolidine
with 1 equivalent of the chosen alkylhalide or ethoxyhalide; the re-
action mixture was stirred for 20 h at 90 °C. The crude product was
washed with ethyl acetate and diethyl ether (×2). The solid (or liq-
uid) chloride was dried under reduced pressure at 70 °C overnight.
All ILs were diluted in CH3CN and puriﬁed by ﬂash chromatography
passing them on a short pad of activated charcoal and silica-gel be-
fore using, as indicated in the literature [40]. ILs used in the exper-
iments were dried overnight at 80 °C under vacuum just before the
experiments. ILs bearing dicyanamide [N(CN)2]− anions where pre-
pared starting from the corresponding chlorides through an anion
exchange procedure with NaN(CN)2. Typically, ILs bearing chloride
anions (30 mmol) were added to a suspension of NaN(CN)2
(1.2 eq., 36 mmol) in acetone (75 mL). The mixtures were stirred
for 48 h at RT, 24 °C; the sodium halide precipitate was removed by
ﬁltration and the ﬁltrate concentrated to give an oil by rotary evapo-
ration. The oil was diluted in acetone and ﬁltered through silica gel.
The solvent was removed by rotary evaporation, giving a light yellow
oil.
2.3. 1H NMR and 13C NMR analysis
The ILs puritieswere established to be ≥98% through proton and car-
bon nuclear magnetic resonances (1H NMR and 13C NMR) spectra by in-
tegration of proton signals with respect to an internal standard. 1H and
13C NMR spectra were recorded on a VarianMercury 400 spectrometer.
All NMR spectra were recorded using a 5-mmprobe. NMR spectra were
acquired in CDCl3 or D2O.
Choline dicyanamide, [Chol][N(CN)2]: 1H NMR (400MHz,D2O, ppm):
δ = 3.20 (9H, CH3N, s), 3.45–3.49 (2H, m, CH2O) and 3.96–4.00 ppm
(CH2N); 13C NMR (75 MHz, D2O, ppm): δ = 53.89 (NCH3), 55.60
(CH2O), 67.43 (CH2N), 120.10 (NCN); IR (neat): 3356 (ν(OH), s, br;
choline), 2241 ((νa(C–N) + νs(C–N)), vs), 2201 (νs(CN), vs), 2138
(νa(CN),vs).
1-Butyl-3-methylimidazolium chloride, [Bmim][Cl]: 1H NMR
(400 MHz; D2O): δ= 0.94–0.97 (m, 3 H, CH3(CH2)3N), 1.31–1.40 (m,
2H, CH3CH2(CH2)2N), 1.85–1.93 (m, 2H, CH3CH2CH2CH2N), 3.94 (s,
3H, NCH3), 4.23–4.26 (m, 2H, CH3(CH2)2CH2N), 7.49 (s, 1H, NCH =
CHN), 7.54 (s, 1H, NCH = CHN) and 8.78 ppm (s, 1H, N = CHN); 13C
NMR (100 MHz; CDCl3): δ=13.1, 19.3, 32.1, 46.4, 49.6, 122.0, 123.7,
137.7.
1-Methoxyethyl-3-methylimidazolium chloride, [Moemim][Cl]: 1H
NMR (400 MHz; D2O): δ = 3.42 (s, 3H, CH3O), 3.87–3.90 (m, 2H,
CH3OCH2CH2N), 3.95 (s, 3H, NCH3), 4.43–4.46 (m, 2H, CH3OCH2CH2N),
7.50 (d, 1H, J = 2 Hz, NCH= CHN), 7.56 (d, 1H, J = 2 Hz, NCH= CHN)
and 8.80 ppm (s, 1H, N=CHN); 13C NMR (100MHz; CDCl3): δ=35.53,
48.73, 58.09, 69.72, 122.49, 123.55, 136.40.
1-Butyl-1-methylpyrrolidinium chloride, [Bmprl][Cl]: 1H NMR
(400 MHz; D2O) δ = 0.97 (t, 3H, J 4.4, CH3(CH2)3N), 1.37–1.44 (m,
2H, CH3CH2(CH2)2N), 1.76–1.84 (m, 2H, CH3CH2CH2CH2N), 2.21–
2.25 (m, 4H, CH2(CH2)2CH2), 3.06 (s, 3H, CH3), 3.33–3.37 (m, 2H,
CH3(CH2)2CH2N) and 3.50–3.54 ppm (m, 4H, CH2(CH2)2CH2); 13CNMR (100 MHz; D2O) δ = 12.70, 19.15, 21.19 (×2), 24.98, 47.95,
64.14, 64.40 (×2).
1-Methoxyethyl-1-methylpyrrolidinium chloride, [Moeprl][Cl]: 1H
NMR (400 MHz; D2O) δ = 2.28 (bs, 4H, CH2(CH2)2CH2), 3.17 (s, 3H,
CH3), 3.48 (s, 3H, CH3O(CH2)2N), 3.64–3.69 (m, 6H, CH2(CH2)2CH2
and CH3OCH2CH2N) and 3.96–3.98 ppm (m, 2H, CH3OCH2CH2N); 13C
NMR (100 MHz; D2O) δ= 21.34 (×2), 48.78, 58.52, 62.95, 65.44 (×2),
66.50.
1-Butyl-3-methylimidazolium dicyanamide, [Bmim][N(CN)2]:
1H NMR (200 MHz; CDCl3): δ = 0.98 (t, 3H, J = 7.4 Hz,
CH3CH2CH2CH2N), 1.30–1.49 (m, 2H, CH3CH2CH2CH2N), 1.82–
1.97 (m, 2H, CH3CH2CH2CH2N), 4.01 (s, 3H, CH3N), 4.23 (t, 2H,
J = 7.4 Hz, CH3(CH2)2CH2N), 7.28–7.45 (m, 2H, NCH = CHN) and
9.12 ppm (s, 1H, N = CHN); 13C NMR (100 MHz; D2O) δ = 13.65,
19.32, 31.8, 36.17, 49.0, 99.55, 122.68, 124.02, 136.96.
1-Methoxyethyl-3-methylimidazolium dicyanamide, [Moemim]
[N(CN)2]: 1H NMR (400 MHz; CDCl3): δ = 3.35 (3H, s, OCH3), 3.81
(2H, t, J 5.2 Hz, OCH2CH2N), 4.07 (3H, s, CH3N), 4.53 (2H, t, J 5.2,
OCH2CH2N), 7.71 (1H, m, NCH = CHN), 7.75 (1H, m, NCH = CHN)
and 9.08 ppm (1H, s, N = CHN); 13C NMR (100 MHz; CDCl3). δ =
36.1, 49.8, 70.2, 120.0, 123.3, 123.9, 137.4.
1-Butyl-1-methylpyrrolidinium dicyanamide, [Bmprl][N(CN)2]: 1H
NMR (400 MHz; CDCl3): δ= 0.95 (t, 3H, J 4.4, CH3(CH2)3N), 1.41 (m,
2H, CH3CH2(CH2)2N), 1.76–1.80 (m, 2H, CH3CH2CH2CH2N), 2.21–2.25
(m, 4H, CH2(CH2)2CH2), 3.06 (s, 3H, CH3), 3.35 (m, 2H, CH3(CH2)2CH2N)
and 3.49–3.53 ppm (m, 4H, CH2(CH2)2CH2); 13C NMR (100 MHz;
CDCl3): δ=13.0, 19.42, 21.49 (×2), 25.1, 48.24, 64.0, 64.40 (×2), 120.1.
1-dodecyl-3-methylimidazolium chloride, [C12mim][Cl]: 1H NMR
(400 MHz; CDCl3): δ= 0.83–0.87 (t, CH3(CH2)10CH2N), 1.22–1.31 (m,
CH3(CH2)9CH2N), 1.89 (m, CH3(CH2)9CH2CH2N), 4.11 (s, CH3N), 4.28–
4.31 (t, CH3(CH2)10CH2N), 7.36–7.37 (d, NCH = CHN), 7.51–7.52 (d,
NCH = CHN) and 10.34 ppm (s, N = CHN); 13C NMR (100 MHz;
CDCl3): δ= 14.0, 22.55, 26.15, 29.46, 36.86, 50.07, 77.0, 122.1, 137.35.
2.4. FT-IR spectra
The FT-IR spectrum reported in Fig. S1 of the Supplementarymateri-
al wasmeasured on a Bruker Alpha FT-IR spectrometer as neat ﬁlms be-
tween NaCl plates.
2.5. Synthesis of [Chol][N(CN)2]
[Chol][N(CN)2] was prepared through an anion exchange procedure
with sodium dicyanamide (NaN(CN)2) starting from [Chol][Cl]. [Chol]
[Cl] (50 mmol, 1 eq.) was dispersed in acetone (50 mL) and mixed
with NaN(CN)2 (60 mmol, 1.2 eq.). The mixture was reﬂuxed at 60 °C
for 48 h. The sodium halide precipitate was removed by ﬁltration and
the ﬁltrate concentrated to an oil by rotary evaporation. The oil was di-
luted with acetone and ﬁltered through silica gel. The solvent was re-
moved by rotary evaporation, giving a light yellow liquid (95% yield).
To avoid the presence of chloride impurities, [Chol][N(CN)2] was ana-
lyzed with a water solution of Ag(NO3); the presence of chloride anions
was considered negligible when no precipitation occurred [41]. The pu-
rity of compounds was established through 1H NMR, 13C NMR and IR-
spectra. The spectra obtained for [Chol][N(CN)2] agree with previously
reported ones [42].
2.6. Cell cultures and chromatophore isolation
Rb. sphaeroides wt 2.4.1 cells were grown photosynthetically under
semi-aerobic conditions in RCV medium [43]. Chr vesicles were
prepared essentially as previously described [25]. Humid cells (approx-
imately 2 g) were extensively washed withMOPS (50 mMmorpholinic
acid, NaOH, pH 7.3), to eliminate any residual trace of RCVmedium. The
bacterial cells were harvested and resuspended inMOPS buffer (60mL)
and processed with a French Press at 1000 psi. Unbroken cells and large
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gation at 27,000 g for 35 min at 4 °C and Chr vesicles were harvested
by ultracentrifugation with a Ti50.2 Beckman rotor at 42,000 rpm for
90 min at 4 °C. Chr concentration was estimated on the basis of the
molar concentration of bacteriochlorophyll (BChl); to this end, extrac-
tion was achieved with an acetone:methanol mixture 7:2 at 4 °C and
a molar extinction coefﬁcient of BChl at 772 nm equal to
75 mM−1 cm−1[44] was employed for quantiﬁcation. Finally, Chrs
were stored at 4 °C in the dark and used within four days from
their isolation. During this storage period, the integrity of the Chr
membranes was proved by the essentially unaffected decay kinetics
(in the second timescale) of the carotenoid signal following a single
ﬂash [28].
2.7. Visible absorption spectroscopy and data analysis
Light-minus-dark difference spectra in the 425–540 nm range, i.e.
carotenoid shift spectra, were measured as previously described [33].
An aliquot of concentrated Chrs was diluted in 10 mM MOPS, pH 7.3
to a ﬁnal volume of 1 mL and 31 μM BChl. Absorption spectra were ac-
quired with a Jasco V-550 spectrophotometer; continuous photoexcita-
tion was obtained by illuminating the sample perpendicularly to the
direction of the measuring beam with a 250 W tungsten halogen lamp
(Oriel). The actinic light was collimated by an optical condenser and ﬁl-
tered through an 8 cm thick water layer and a long-pass colored glass
ﬁlter Oriel 51350, with a cut-on wavelength of 780 nm. The resulting
beam was brought as close to the sample as possible with an optical
guide.
The time course of the carotenoid shift signal following a single
xenon ﬂash (duration shorter than 8 μs) was recorded at 526 nm
using a kinetic spectrophotometer of local design [45,46]. The xenon
ﬂashes were screened by two gelatin Wratten 88A ﬁlters, resulting in
a photoexciting radiation with λ longer than 700 nm. The xenon ﬂash
was directed on the sample through an optical guide perpendicular to
the direction of themeasuring beam; thephotomultiplierwas protected
by a Corning 4-96 blue ﬁlter from actinic light scattered by the sample.
Chromatophores were suspended in 50 mMMOPS NaOH, pH 7.3, at a
BChl concentration ranging from 70 to 90 μM. All kinetic measurements
were performed at 25 °C. When needed antimycin A and oligomycin
were added at 5 μM and 10 μM, respectively. To inhibit cytochrome c
oxidase and poise the ambient redox potential of the sample at values
between 100 and 150 mV under aerobic conditions, all spectrophoto-
metric measurements were done in the presence of 1 mM KCN and
1mMNa-ascorbate [47]. The pHwas constantlymonitored duringmea-
surements and adjusted to pH 7.3, when needed, after the addition of
ILs; however, the variations observed were always lower than 0.3 pH
units and they took place only for ILs concentrations higher than
100 mM.
A least-squares minimization routine, based on a grid search algo-
rithm and developed in C language, was used to best ﬁt the carotenoid
signal decays to a power law. Conﬁdence intervals for the zero-time
rapidity, r(0), were evaluated numerically as described previously
using locally developed software [48]. Global ﬁtting of the carotenoid
shift kinetics to Eq. (7) (see Results and discussion) has been performed
using the non-linear least squares minimization routines included in
Origin 6 (Microcal Software Inc., Northampton MA, USA) based on the
Levenberg–Marquardt algorithm.
The concentration of reaction center, [RC], photoxidized by the
xenonﬂashwasmeasured as reported in [49]. Brieﬂy, the amount of pri-
mary donor P+ photoxidized by a single xenon ﬂash was determined
from the absorbance change induced at 542 nm in samples of the
same compositions of those employed for the carotenoid shift measure-
ments, with the following exceptions. Since in the presence of the ﬂash-
generated membrane potential (i.e. in coupled photosynthetic mem-
branes) the optical signals of the RC at 542 nm strongly overlap with
the more intense carotenoid shift signal, the latter was collapsed byuncoupling Chrs through addition of 30 mM KCl and 10 μM
valinomycin. Additionally, to avoid fast unresolved P+ re-reduction
by reduced cytochrome c2, the ambient redox potential of the sample
was poised at (414± 4)mV, a value for which cytochrome c2 is total-
ly pre-oxidized in the dark, having a midpoint redox potential Em =
345 mV [50]. The ambient redox potential was poised at around
414mV by adding 0.5 mM of both potassium ferrocyanide and potas-
sium ferricyanide and byworking in anaerobic conditions under a ni-
trogen ﬂow. No Na-ascorbate was added in these samples. The
ambient redox potential was monitored by means of platinum and
calomel electrodes. The concentration of P photoxidized by the
ﬂash at high redox poise (414 mV) was corrected for the fraction of
P pre-oxidized in the dark by using the Nernst equation and assum-
ing for the redox midpoint potential of the P/P+ couple a value of
450 mV [49].
3. Results and discussion
3.1. The spectrum of the carotenoid electrochromic shift induced by
continuous illumination in the presence of ILs
The voltage-induced changes in the visible spectrum of carotenoids
bound to the antenna complexes of the RC have been extensively inves-
tigated [26,27,51]. The spectral electrochromic response of carotenoids
has been studied by generating an electrical potential difference across
the Chr membrane with different methods, i.e. by activating the Chr
electron transfer chain with continuous illumination or with short
ﬂashes [51], or by inducing in the dark diffusion potentials, due to
transient ion gradients [33]. In view of exploiting the carotenoid
electrochromic shift to probe ionic currents through the Chr membrane
wemeasured at ﬁrst the difference spectrum induced by the carotenoid
electrochromic shift in the absence and in the presence of ILs.We tested
in particular [Bmim][Cl] and [Moemim][Cl], i.e. a non-oxygenated and
oxygenated compound, respectively, with 1-methylimidazolium head
group (see Fig. 2 for chemical structures). The electrical potential differ-
enceΔψ across the Chrmembranewas generated by continuous illumi-
nation at λ N 700 nm, as described under Materials and methods.
Fig. 3A shows the absorption spectra of Chrs in the 425–540 nm
range: the main contribution comes from the carotenoid, which,
under the conditions employed for bacterial growth is sphaeroidenone
[43]. Fig. 3B shows the light-minus-dark steady state difference spec-
trum, recorded under continuous illumination, in the presence of
10 mM KCl and in the absence (continuous line) or in the presence
(dashed line) of 10 μM valinomycin, a speciﬁc ionophore for K+ ions
[27,52,53]. In both conditions four maxima (at 433, 460, 493 and
526 nm) and three minima (at 447, 474 and 509 nm) are detected; as
expected [35], when the ionophore is added, the amplitude of the spec-
trum is decreased, due to the ﬂux of K+ ions, shuttled by valinomycin
through the bilayer, which tend to collapse the electrical component
Δψ of the ΔμH+ generated by photoactivation of the electron transfer
chain (see Introduction). The passive K+ efﬂux competes efﬁciently
with the H+ inﬂux driven by light-induced proton pumping, resulting
in a lower steady state Δψ, and therefore in a smaller amplitude of the
electrochromic carotenoid shift [26,27,33].
Fig. 3C and D show light–dark carotenoid spectra measured in the
presence of [Bmim][Cl] or [Moemim][Cl], respectively, at 20 mM
(dashed lines) and 200 mM (dotted lines) concentrations.
The features (maxima, minima, shape of the spectrum) of the carot-
enoid response to the voltage across the phospholipid bilayer are unaf-
fected by both ILs. At increasing concentrations of [Bmim][Cl] the
amplitude of the difference spectrum is increasingly reduced, while in
the case of [Moemim][Cl] negligible effects are observed, suggesting
that only the non-oxygenated IL increases signiﬁcantly passive ionic
currents, thus decreasing the steady level of light-induced Δψ.
Since ILs do not cause distortions in the light–dark carotenoid spec-
tra, their electrochromic response appears to be suitable to investigate
Fig. 3. Visible absorption spectrum (panel A) and light-minus-dark difference spectra
(panels B–D) of Rb. sphaeroides wt 2.4.1 chromatophores ([BChl] = 31 μM) in the 425–
540 nm range. In panels B–D, control spectra, measured in Chr MOPS suspensions with
no additions, are plotted as continuous lines. In panel B, the light-minus-dark spectrum
obtained in the presence of 10 mM KCl and 10 μM valinomycin is represented with a
dashed line. In panels C and D, the difference spectra obtained in the presence of the indi-
cated ILs, at 20mM and 200mM concentrations, are shownwith dashed and dotted lines,
respectively.
2903M. Malferrari et al. / Biochimica et Biophysica Acta 1848 (2015) 2898–2909the effects of ILs on the ionic currents which dissipate the electrical po-
tential difference Δψ generated by a short ﬂash of light. The kinetics of
the carotenoid signal have been recorded at 526 nm (vertical dashed
line in Fig. 3), i.e. at the wavelength for which the maximal light-
induced absorbance change is detected.
3.2. The effect of non-oxygenated ILs on the decay of the carotenoid shift
following a single turnover ﬂash
To study the effects of ILs on the permeability to ions of Chr mem-
branes, we have analyzed the decay kinetics of the carotenoid shift sig-
nal, induced by a single turnover ﬂash of light (see Materials and
methods). The rise of the carotenoid signal is composed of three kineticphases. Phase I and II, completed within tens of microseconds, reﬂect
the generation of the membrane potential Δψ due to charge displace-
ment events localized in the RC complex (mainly electron transfer
from cyt c2 to the ﬁnal UQ10 acceptor (see Fig. 1)). More speciﬁcally,
phase I reﬂects the vectorial electron transfer from the primary donor
P to the primary quinone acceptor, QA [54], while phase II is due to the
electron transfer from cyt c2 to the photoxidized P+[54] and to the pro-
tonation of the ﬁnal quinone acceptor QB [55]. Phase III, which builds up
in a few milliseconds, reﬂects charge displacements (electron and/or
proton transfer) occurring within the cytochrome bc1 complex [28,35].
The decay of the carotenoid signal is due to Δψ-driven dissipative
ion ﬂuxes, as shown by its acceleration in the presence of ionophores
[28,56]. As mentioned in Introduction, the carotenoid signal decay in-
cludes contributions from ion permeation across the lipid bilayer and
across the transmembrane F0 channel of the ATP synthase. The latter
contribution is mainly due to ATP synthases which have been damaged
during Chr isolation and have lost their F1 portion [28,36].
Photoactivation of the electron transfer chain by a single turnover
ﬂash leads to the generation of a well deﬁned Δψ, linearly correlated
with the electric charge Q separated across the chromatophore mem-
brane, i.e. Δψ= Q / C, where C is the electrical capacitance of the Chr
membrane. The overall ionic current j, responsible for the dissipation
of Δψ, as reﬂected by the decay of the carotenoid signal in the dark, is
therefore given by j = dQ / dt = C dΔψ / dt. In view of the linear re-
sponse to Δψ of the carotenoid signal ΔA, it follows that [57]:
j≈
dΔA
dt
: ð1Þ
On this basis, as a ﬁrst approach, the effects of the different ILs on the
ionic current dissipating the membrane potential generated by a single
turnover ﬂash have been characterized by examining the initial slope of
the carotenoid shift decay, measured immediately after the ﬂash (ﬁred
at t = 0). Since in the range of concentrations tested ILs had no effect
on the amplitude of the ﬂash-induced carotenoid signal ΔA(0), i.e. on
the membrane potential Δψ(0) (with the only exception of the deter-
gent [C12mim][Cl] (see Fig. 5A)), according to Eq. (1) the initial rapidity
of the carotenoid shift decay, r(0) =−(dΔA / dt)t=0, provides an esti-
mate of the membrane conductivity, averaged over the whole chro-
matophore population probed. This approach has been extensively
employed in bioenergetic studies to estimate ionic currents in chro-
matophores under a variety of conditions, e.g. to evaluate the proton
current associated with the phosphorylating activity of ATP synthase
[58], to clarify the mechanism of action of uncoupling agents, like iono-
phores or protonophores [57], to study the transport of local anesthetics
[59] and to evaluate the baseline toxicity, or narcosis, induced by a test
set of toxicants and pharmaceuticals with different polar/hydrophobic
properties [60].
In order to better estimate r(0) from the kinetic traces,we havemea-
sured the carotenoid signal in the presence of antimycin, an inhibitor
which blocks most of the electron transfer activity of the cytochrome
bc1 complex which contributes to phase III of the carotenoid signal
[61] and takes place in a few milliseconds. Under these conditions,
upon ﬂash excitation, the onset of the carotenoid signal is completed
within the time resolution of our kinetic measurements (0.5 ms), thus
allowing an accurate determination of the decay slope r(0) at t = 0.
Oligomycin, a speciﬁc inhibitor of H+ translocation across the F0 chan-
nel of the ATP synthase [36] was also added, so that the decay of the ca-
rotenoid signal was essentially determined by ion ﬂuxes across the lipid
bilayer.
In the presence of antimycin, the zero-time rapidity of the caroten-
oid shift decay, r(0), expressed as absorbance change per unit time
(s−1) can be converted into a zero-time ionic current, j(0), across the
membrane bilayer, expressed as electrons translocated per bacterio-
chlorophyll (BChl) per unit time (e− BChl−1s−1) [62]. Under these con-
ditions, in fact, since the only contribution to the carotenoid shift signal
Fig. 4. Kinetics of the carotenoid shift induced by a single turnover ﬂash, recorded
at 526 nm in Chr suspensions at increasing concentration of [Chol][Cl] (A),
[Bmim][Cl] (B), [Bmprl][Cl] (C) and [Bmim][N(CN)2] (D). In all panels, the lower-
case letters correspond to the following IL concentrations: a, control, i.e. no addi-
tions; b, 0.5 mM; c, 1 mM; d, 5 mM; e, 20 mM; f, 100 mM; g, 200 mM; h, 500 mM.
Continuous lines represent best ﬁt to Eq. (7) (see text for details).
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of the ﬂash-induced absorbance changeΔA(0) measures themembrane
potentialΔψ(0) generated by the displacement across themembrane of
a single electron per RC complex photoactivated, i.e. per primary donor
P photoxidized. At the bacteriochlorophyll concentrations employed in
control measurements, [BChl] = (85 ± 5) μM, the concentration of RC
photoxidized by the ﬂash (measured at 542 nm as described in detail
in Materials and methods) was [P+] = (235 ± 5) nM. On this basis,
following ref.[62], r(0) values have been converted into j(0) values
(e− BChl−1s−1), calculated as:
j 0ð Þ e‐BChl‐1s‐1
 
¼ r 0ð Þ P
þ 
ΔA 0ð Þ BChl½  : ð2Þ
Both r(0) and j(0) values are reported in Figs. 5 and 6 (see below).
In the ﬁrst part of our investigation,we examined the effects of three
non-oxygenated ILs: [Bmim][Cl], [Bmim][N(CN)2] and [Bmprl][Cl]. To
evaluate the contribution to j(0) due to [Cl]−, we studied also the effects
of [Chol][Cl], while the behavior of a detergent-like molecule was char-
acterized by analyzing the effects of [C12mim][Cl] (see Fig. 2 for the
chemical structures).
Fig. 4 shows the kinetics of the carotenoid shift signal induced by a
single turnoverﬂash, ﬁred at t=0, recorded at increasing concentration
of [Chol][Cl], [Bmim][Cl], [Bmprl][Cl] and [Bmim][N(CN)2] (in panels A,
B, C and D respectively). To better compare the decay kinetics, the sig-
nals have been normalized to their amplitudes at t= 0. The compounds
tested accelerate the carotenoid signal decay to a different extent. Neg-
ligible effects are produced by [Chol][Cl]. An acceleration of the decay
kinetics seems detectable at high concentrations (100 mM, trace f,
Fig. 4A), but consideration of the whole set of data, acquired between
1 μM to 0.5 M, indicates that this small effect is not signiﬁcant within
the experimental error (see Fig. 5B). Consistently with this behavior,
in bioenergetic studies [Chol][Cl] has been often employed as a non-
permeating reference compound, as it is well known that phospholipid
bilayers are essentially impermeable to choline and that chloride anions
do not permeate efﬁciently on the timescale of seconds [33]. On the con-
trary, detectable effects are produced by [Bmim][Cl], for which the
carotenoid signal decay accelerates for concentrations higher than
20mM(trace e, Fig. 4B). Themost prominent accelerations are observed
with [Bmprl][Cl] (Fig. 4C) and [Bmim][N(CN)2] (Fig. 4D): in the case of
the former IL, effects gently start at 5 mM, while, for the latter, acceler-
ation starts more abruptly already at 0.5 mM.
As stated above (see Eq. (1)), to quantify these responses in terms of
overall ionic current across themembrane, the initial rapidity r(0) of the
decays has been evaluated by ﬁtting the original (non-normalized)
decay kinetics, from t = 0 to t = 200 ms, to a power law, i.e.
ΔA tð Þ ¼ ΔA 0ð Þ 1þ atð Þ−b ð3Þ
with ΔA(0), a and b as free parameters. By taking the time derivative of
Eq. (3) at t = 0 and changing its sign, the value of r(0) can be deter-
mined from the values of the best ﬁtting parameters, i.e. r(0) = a b
ΔA(0). The choice of a power law does not imply any physical model
of the process; the only purpose was to provide an accurate evaluation
of r(0).
Fig. 5A shows the dependencies of aN, the maximal amplitude of the
signal at t = 0, normalized to the value obtained for the control (no
addition), upon the molar concentration of ILs.
Amplitudes at t = 0 have been obtained from the above described
best ﬁtting procedure (Eq. (3)) for [Chol][Cl], [C12mim][Cl], [Bmim]
[Cl], [Bmprl][Cl] and [Bmim][N(CN)2]. Fig. 5B reports the corresponding
ionicﬂuxes, expressed as r(0) (left axis) or ionic current j(0) (right axis).
In the absence of ILs, Chrmembranes are characterized by a low per-
meability to ions. The average value (± standard deviation) obtained in
the eleven control samples examined for the ionic ﬂux at zero timewas
r(0) = (1.8 ± 0.7) 10−2 s−1, which corresponds to an ionic currentj(0) = (5 ± 2) 10−3 e− BChl−1s−1. As already mentioned with refer-
ence to Fig. 4A, in the wide range of concentrations tested, [Chol][Cl]
does not increase signiﬁcantly the ionic membrane permeability of
Chrs. A slight increase of j(0) can be observed in the case of [Bmim]
[Cl], but only at very high concentrations, i.e. around 0.5 M, for which
j(0) = 1.38 10−2 e− BChl−1s−1. For [Bmim][N(CN)2], the carotenoid
shift decay accelerates signiﬁcantly and progressively, the effect starting
at around 0.5–1 mM. At 0.5 M [Bmim][N(CN)2], a j(0) value around
3.8 e− BChl−1s−1 is obtained. When considering that the only differ-
encewith [Bmim][Cl] is the anionicmoiety, these effects can be attribut-
ed to [N(CN)2]−. To the best of our knowledge, the uncoupling
properties of [N(CN)2]− have not been previously reported [52,53,63];
additional evidence of an increasedmembrane permeability in the pres-
ence of [N(CN)2]−will be given in section 3.3. The strong increase of the
ionic current produced by [Bmprl][Cl] cannot clearly be ascribed to the
chloride anion, but rather to the organic, hydrophobic cationic moiety.
Fig. 5. The normalized amplitude of the ﬂash-induced carotenoid signal, aN (panel A) and
the ionic current (panel B), expressed as the zero-time rapidity of the carotenoid shift
decay, r(0) (left scale), or as electrons per bacteriochlorophyll per second, j(0) (right
scale), as a function of the molar concentration of [Chol][Cl] (triangles), [C12mim][Cl]
(oblique crosses) and of the following non-oxygenated ILs: [Bmim][Cl] (squares),
[Bmprl][Cl] (stars) and [Bmim][N(CN)2] (circles). The values of aN, r(0) and j(0) have
been obtained as described in the text. Vertical bars represent conﬁdence intervals within
one standard deviation.
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niﬁcant at ~5 mM and results, at ~200 mM, in a j(0) value ~2.6 10−1 e−
BChl−1s−1. [C12mim][Cl] was employed to compare the effects of ILs
with those of a detergent-like molecule. Its action differs markedly from
that of the tested ILs: between 100 μM and 1 mM [C12mim][Cl], j(0) in-
creases from 2.96 10−3 e− BChl−1s−1 to 1.49 10−2 e− BChl−1s−1.
Above 1mM ameaningful value of the initial ionic current cannot be de-
termined, because, as shown in Fig. 5A, the amplitude of the ﬂash-
induced signal, aN, decreases dramatically and drops to zero when
[C12mim][Cl] approaches 10 mM. The disappearance of the carotenoid
signal strongly suggests that Chrmembranes and their protein complexes
are solubilized by [C12mim][Cl]. This conclusion is fully consistent with
the observation that the amplitude of the carotenoid shift starts to de-
crease at the critical micellar concentration of [C12mim][Cl], reported to
be 1.4mM [14].With the exception of [C12mim][Cl] for all themolecules
we have tested themaximal changes detected in aN do not exceed 20% of
the control (Fig. 5A). We are reluctant to attribute a physical meaning to
these changes, because they are mainly found at high IL concentrations
for which the carotenoid shift decay is strongly accelerated and the con-
ﬁdence intervals associated to the determination of aN are consequently
large.
As a whole, the effects on the overall ionic conductance of the tested
ILs are fully consistentwithwhat recently reported by Ghanem and col-
leagues [64] on the inhibitory effect of ILs differing in the counter anion
type and length of the cation hydrophobic tail on the growth of four bac-
terial strains. These authors classiﬁed in fact [Cl]− and [N(CN)2]− as the
less and the more toxic anions, respectively, and observed that toxicity
positively correlates with the increase of the alkyl hydrophobic chain of
the cationic moiety.
The different impact of the tested ILs on themembrane conductivity
is demonstrated not only by the different concentration dependence ofj(0) (Fig. 5), but also by the qualitatively different kinetics of the entire
carotenoid shift decay. As shown in Fig. 4, the kinetics observed upon
addition of IL are in general non-exponential, and exhibit a
multiphasicity, which is particularly evident in the case of
[Bmprl][Cl]. Similarly non-homogenous kinetics of the carotenoid
shift decay, previously observed in the presence of ionophores,
have been accounted for by statistical models [39,57,65] based on
the idea that each single chromatophore vesicle is an independent
unit, the conductivity of which is determined by the number of per-
meating ions per vesicle and by the individual conductance of the
permeating molecule. The observed non-homogeneous decay of
the carotenoid signal is therefore expected to reﬂect the distribu-
tion P of permeating ions over the whole chromatophore popula-
tion, which is considered to obey Poisson law:
P n;mð Þ ¼ e
−mmn
n!
ð4Þ
where P(n,m) is the fraction of vesicles with n permeating ions, andm is
their average number per chromatophore vesicle.
Following this model, originally proposed by Schmid and Junge [57],
we assumed that in any given chromatophore characterized by nmole-
cules of a speciﬁc permeating ion, the membrane potential Δψn(t)
decays exponentially according to:
Δψn tð Þ ¼ Δψ 0ð Þ exp− nkþ klð Þt½  ð5Þ
where k is the rate constant (conductance) for an individual ion of the
speciﬁc permeating species, the rate constant kl accounts for a homoge-
neous background ionic leak of themembrane, and the samemembrane
potentialΔψ(0) is assumed to be generated following a pulsed photoex-
citation in any chromatophore vesicle.
Under these assumptions, the observed decay kinetics of the mem-
brane potential Δψn(t) will be given by
Δψ tð Þ ¼
X∞
n¼0
P n;mð ÞΔψn tð Þ: ð6Þ
By substituting Eqs. (4) and (5) into Eq. (6) it can be easily shown
that
Δψ tð Þ ¼ Δψ 0ð Þ exp −m−kltð Þ expm exp −ktð Þ½ : ð7Þ
We note that, in the absence of leaks (kl = 0) Eq. (7) coincides with
the equation derived by Schmid and Junge [57] to analyze the caroten-
oid shift decay of a population of vesicles with ﬁxed size in the presence
of ionophores. This equation has been subsequently used to account for
the effect of gramicidin on the decay of the ﬂash generated membrane
potential in chromatophores [39,65].
The rationale for introducing the additional rate constant kl is the fol-
lowing. A speciﬁc IL can in principle affect the membrane conductivity
not only due to the permeation of its cationic or anionic moieties, but
also interacting with themembrane and perturbing its structure, possi-
bly increasing the background conductance of the chromatophore to
protons or small ions like Na+. The presence of a background leak is ev-
ident from the very slow, but signiﬁcant, carotenoid decay, detectable
even in the absence of ILs over the time scale of our kinetics (see
Fig. 4). Furthermore, the very slow decay component observed in the
presence of [Bmprl][Cl] appears to progressively accelerate upon in-
creasing the IL concentration (Fig. 4, panel C), suggesting that at least
this IL perturbs the background membrane leak, by interacting with
the membrane. We also notice that the decay kinetics recorded in the
presence of [Bmprl][Cl] cannot be ﬁtted to an acceptable accuracy
assuming kl = 0 (i.e. neglecting a background membrane leak). The in-
troduction of kl improves signiﬁcantly theﬁt also in the case of the other
ILs tested (e.g. those carrying [N(CN)2]− as anion).
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cays as shown by the continuous curves of Fig. 4 (panels B, C and D).
For each IL the entire set of the decay kinetics recorded at increasing con-
centration was globally ﬁtted to Eq. (7), withm and kl as ﬁtting parame-
ters, being k a shared free parameter. Decay kinetics in the absence of ILs
(control, trace (a)) have been ﬁtted to an exponential decay, obtaining a
rate constant for the background leak equal to (0.54±0.02) s−1. The ob-
tained best ﬁtting values are reported in Table 1 for the case of [Bmim]
[Cl], [Bmprl][Cl] and [Bmim][N(CN)2]. Consistentlywith the assumptions
of the model, for all the three ILs the average number m of permeating
ions per chromatophore is low, and increases with the IL concentration.
A similar dependence is found for the rate constant of the leak kl, with a
tendency to saturate at high concentrations.
As already discussed with reference to Fig. 5, [Bmprl][Cl] induces
ionic currents j(0)much larger than [Bmim][Cl]. For these two ILs the in-
crease in ionic current at increasing concentrations is due to the cationic
moiety, while the high overall conductance observed in the presence of
[Bmim][N(CN)2] is caused by the anionic counterpart. If we assume that
the acceleration of the carotenoid decays at increasing concentrations of
the ILs (Fig. 4, panel B, C and D) reﬂects the permeation of the above
mentioned cations and anions respectively across the chromatophore
membrane (plus a concomitant increase of the background leak) analy-
sis in terms of Eq. (7) provides additionalmechanistic insights. From the
results summarized in Table 1 it appears in fact that the average number
m of permeating cations per chromatophore vesicle is very low for both
[Bmim]+ and [Bmprl]+, not exceeding one even at themaximal concen-
tration tested (500 mM). The values of m are roughly two times larger
for the latter component. This suggests a low partition of the permeat-
ing form of both ions into the hydrophobic bilayer region, which ap-
pears however larger in the case of [Bmprl]+.
For both ILs, upon increasing the concentration, also the background
leak of the membrane increases. Values of kl are about 2–3 times larger
in the case of [Bmprl]+, suggesting that the larger partition into the
membrane of this cation (as revealed by m values) is paralleled by a
larger perturbation of the chromatophore bilayer, affecting its perme-
ability to small ions. Furthermore, the analysis shows that the strong
biphasicity of the decay observed in the case of [Bmprl]+ and the
much higher initial ionic current induced by this IL above 5 mM
(Fig. 5B) are mainly due to the much larger conductance k associated
with the permeation of any single cation, which is more than six times
larger for [Bmprl]+ than for the [Bmim]+.
In the case of the [N(CN)2]− anion, themodel indicates that the large
ionic currents detected at high concentrations (Fig. 5B) are not princi-
pally determined by the individual conductivity k, which is only about
two times larger than that of [Bmim]+, but rather to the average
number m of permeant molecules per chromatophore, about one
order-of-magnitude larger than in the presence of [Bmim]+. Again,Table 1
Parameter values obtained by global bestﬁtting to Eq. (7) of the carotenoid shift decays recorded
k,m and kl represent respectively the rate constant for a single permeating ion, the average num
homogeneous background leak (see text for further details).
[Bmim][Cl] k= (13.4 ± 1.3) s−1
[IL]/mM 0 5 20
m – 0.11 ± 0.02 0.13 ± 0.0
kl/s−1 0.52 ± 0.02 0.41 ± 0.08 0.40 ± 0.0
[Bmprl][Cl] k = (85.1 ± 3.0) s−1
[IL]/mM 0 5 20
m – 0.10 ± 0.02 0.18 ± 0.0
kl/s−1 0.57 ± 0.04 0.92 ± 0.04 0.92 ± 0.0
[Bmim][N(CN)2] k = (23.0 ± 1.3) s
−1
[IL]/mM 0 0.5 1
m – 0.06 ± 0.02 0.13 ± 0.0
kl/s−1 0.54 ± 0.04 1.17 ± 0.02 1.59 ± 0.1the higher propensity of the [N(CN)2]− anion to bind to the membrane
in a permeating form is paralleled by an apparently larger perturbation
of the background leakwhich appears to be almost one-order-ofmagni-
tude larger than that induced by [Bmim]+ (see Table 1).
From the above described analysis of the carotenoid shift decay in
the presence of the non-oxygenated ILs ([Bmim][Cl], [Bmim][N(CN)2]
and [Bmprl][Cl]) and of two reference molecules – [C12mim][Cl] and
[Chol][Cl] – it appears that Chr vesicles are a suitable model system of
native biological membranes, which allows to probe quantitatively the
sensitivity of the membrane permeability to ILs, and to differentiate
their effects in terms of ionic conductance and interaction with the
bilayer. We have subsequently exploited the same approaches to test
the consequences of oxygenation of the organic, hydrophobic cation-
ic moiety of the ILs characterized so far. As stated in Introduction, ox-
ygenated ILs have peculiar industrial and chemical applications.
Additionally, to get further insight into the uncoupling activity of
the [N(CN)2]− anion, the effects of the [Chol][N(CN)2] salt and of
the IL [Bmprl][N(CN)2] have been analyzed.
3.3. The effect of oxygenation of ILs on the ionic current through the Chr
membrane
Fig. 6 shows the effects on the ionic current j(0), as a function of IL
concentration, of introducing an oxygen atom into the lateral chain of
the cationic moiety of [Bmim][Cl] (panel A), [Bmprl][Cl] (panel B) and
[Bmim][N(CN)2] (panel C). The amplitude of the ﬂash-induced caroten-
oid signal in the presence of the oxygenated ILs, i.e. [Moemim][Cl],
[Moeprl][Cl] and [Moemim][N(CN)2] (see Fig. 2 for the structures),
was essentially independent on their concentration (not shown) over
the range tested. Fig. 6 also reports as a reference to the ionic currents
previously evaluated in the presence of [Chol][Cl].
For the imidazolinium ILs, i.e. [Bmim][Cl] and [Moemim][Cl], no
signiﬁcant effect of oxygenation can be detected on j(0) within the
experimental error (Fig. 6A). At variance, as shown in Fig. 6B, oxy-
genation of the cationic pyrrolidinium moiety of [Bmprl][Cl]
strongly reduces the progressive increase of the ionic current ob-
served at increasing concentrations of the non-oxygenated IL. In
fact, in the case of [Moeprl][Cl], the concentration dependence of
j(0) diverges from that of [Bmprl][Cl] at approximately 5 mM
and the maximum value obtained for the oxygenated molecule
(j(0) = 1.21 10−2 e− BChl−1s−1) is more than one order-of-mag-
nitude smaller than the one (j(0) = 2.70 10−1 e− BChl−1s−1)
measured at the same concentration of [Bmprl][Cl].
The kinetics of the carotenoid shift decays, recorded at increasing
concentrations of [Moeprl][Cl] (not shown), are well ﬁtted to Eq. (7),
yielding a conductance for the individual [Moeprl]+ cation k =
(13.7 ± 1.0) s−1. The values of m and kl as a function of the ILat different concentration of [Bmim][Cl], [Bmprl][Cl] and [Bmim][N(CN)2]. Theparameters
ber of permeating ions per chromatophore vesicle and the rate constant characterizing a
100 200 500
2 0.15 ± 0.02 0.18 ± 0.03 0.24 ± 0.04
8 0.73 ± 0.08 0.85 ± 0.10 1.14 ± 0.12
100 200 500
2 0.31 ± 0.02 0.42 ± 0.02 0.66 ± 0.04
6 1.69 ± 0.08 2.52 ± 0.10 4.04 ± 0.16
5 20 100
2 0.38 ± 0.04 1.15 ± 0.12 2.81 ± 0.36
0 3.64 ± 0.22 6.44 ± 0.76 7.38 ± 2.72
Fig. 6. The dependence of the ionic current, expressed as r(0) (left scale), or as j(0) (right
scale), on the molar concentration of imidazolinium-Cl (panel A), pyrrolidinium-Cl (panel
B) and imidazolinium- and pyrrolidinium-N(CN)2 (panel C) ILs. In each panel, data obtained
in the presence of [Chol][Cl] (triangles) are reported as a reference. The different ILs are rep-
resented with the following symbols: [Bmim][Cl], squares; [Moemim][Cl], oblique crosses;
[Bmprl][Cl], stars; [Moeprl][Cl], asterisks; [Bmim][N(CN)2], circles; [Moemim][N(CN)2], verti-
cal crosses; [Chol][N(CN)2], crossed triangles; [Bmprl][N(CN)2], half-ﬁlled squares. Vertical
bars represent conﬁdence intervals within one standard deviation.
Fig. 7. Results obtained by globally ﬁtting the kinetics of the carotenoid shift decay record-
ed in the presence of increasing concentrations of [Bmprl][Cl] and [Moeprl][Cl] to Eq. (7).
Panel A: average number of conducting ions per chromatophore,m, as a function of the IL
concentration in the chromatophore suspension. Panel B: concentration dependence of
the rate constant klwhich describes the background leakage of the chromatophore mem-
brane. Vertical bars represent conﬁdence intervals within one standard deviation.
2907M. Malferrari et al. / Biochimica et Biophysica Acta 1848 (2015) 2898–2909concentration, obtained form the global best ﬁt, are reported in Fig. 7,
which also shows, for the sake of comparison the corresponding param-
eters previously determined for the non-oxygenated [Bmprl][Cl]. It ap-
pears that oxygenation affects all the parameters of the statistical
model, resulting in a six-fold decrease of the rate constant k (see
Table 1) and a roughly three-times reduction of m values. Additionally,
in the oxygenated IL the rate constant of the background leak, kl, is al-
most concentration independent, remaining very close to that of the
control (no addition) even at the maximal (500 mM) IL concentration.
These results indicate that oxygenation of [Bmprl]+ drastically reduces
its ability to bind to the chromatophore, to permeate the membrane,
and to interact with the bilayer perturbing its permeability properties.
Consistentlywith the uncoupling properties suggested in Section 3.2
for the [N(CN)2]− anion, the oxygenation of the imidazolinium moiety
of [Bmim][N(CN)2] does not affect the dependence of the ionic current
upon concentration: Fig. 6C shows that, when the concentration of
[Bmim][N(CN)2] or [Moemim][N(CN)2] is increased above approxi-
mately 0.5 mM, the ionic current j(0) increases progressively and
dramatically, reaching at the maximal concentration (0.5 M) values
which are more than two order-of-magnitude larger than thecurrent measured in the controls, or in the presence of the reference
[Chol][Cl] molecule. The dependence of j(0) upon concentration co-
incides for [Bmim][N(CN)2] and [Moemim][N(CN)2]. In the case of
[Bmim][N(CN)2], the detection of a possible effect of the oxygenated
lateral chain on themembrane permeability appears to bemasked by
the uncoupling action of the [N(CN)2]− anion.
To further support the proposed [N(CN)2]− uncoupling activity, we
synthesized and tested also [Bmprl][N(CN)2] and the choline salt of
[N(CN)2]−, [Chol][N(CN)2] (see Fig. 2 for the chemical structure and
the Materials and methods for the details of synthesis procedures).
The dependence of the ionic current j(0) upon the IL concentration
(see Fig. 6C) was found coincident in all the examined molecules
which carry [N(CN)2]− as their anionic moiety, independently of
the chemical nature of its cation moiety: above a concentration of
~10 mM, the contribution of [N(CN)2]− to the overall ionic current
largely exceeds that of its cation.
The above conclusion is conﬁrmed by the kinetic analysis of the ca-
rotenoid shift decays in terms of the statistical model introduced previ-
ously. Global ﬁtting to Eq. (7) of the kinetics recorded in the presence
of [Chol][N(CN)2], [Bmprl][N(CN)2] and [Moemim][N(CN)2] (see Sup-
plementary material, Fig. S2) yields the parameter values summarized
in Table 2. Remarkably the rate constant k, aswell asm and kl is essential-
ly the samewithin the experimental error in the three ILs, independently
of their cation, and also coincides with the values obtained for [Bmim]
[N(CN)2] (see Table 1).
Finally, in order to make possible the comparison with currents
measured in other artiﬁcial or nativemembrane systems, it may be use-
ful to convert the ionic current j(0) estimated under the different condi-
tions examined in chromatophores into electrical current densities
(Am−2). This can be accomplished on the basis of the average phospho-
lipid/BChl molar ratio, which has been estimated in chromatophores
equal to 5± 2 [66], and of the average surface area occupied by a single
phospholipid molecule, approximately 0.65 nm2[47]. Under these
assumptions and from the electrical charge of the electron (1.602
10−19 C), we obtain that the minimal and maximal ionic currents
Table 2
Parameter values obtained by global best ﬁtting to Eq. (7) of the carotenoid shift decays recorded at different concentration of [Chol][N(CN)2], [Bmprl][N(CN)2] and [Moemim][N(CN)2]
(see Fig. S2 in Supplementary material). The parameters k,m and kl represent respectively the rate constant for a single permeating ion, the average number of permeating ions per chro-
matophore vesicle and the rate constant characterizing a homogeneous background leak (see text for further details).
[Chol][N(CN)2] k= (22.5 ± 1.2) s−1
[IL]/mM 0 0.5 1 5 20 100
m – 0.12 ± 0.02 0.14 ± 0.02 0.39 ± 0.04 1.13 ± 0.08 2.37 ± 0.24
kl/s−1 0.57 ± 0.04 1.13 ± 0.10 1.72 ± 0.10 3.65 ± 0.22 4.92 ± 0.48 7.98 ± 3.64
[Bmprl][N(CN)2] k = (21.6 ± 1.2) s
−1
[IL]/mM 0 0.5 1 5 20 100
m – 0.12 ± 0.02 0.14 ± 0.02 0.40 ± 0.04 1.14 ± 0.12 2.92 ± 0.34
kl/s−1 0.56 ± 0.04 1.00 ± 0.10 1.65 ± 0.12 3.53 ± 0.24 5.40 ± 0.68 7.20 ± 3.28
[Moemim][N(CN)2] k = (23.2 ± 1.1) s
−1
[IL]/mM 0 0.5 1 5 20 100
m – 0.10 ± 0.02 0.15 ± 0.02 0.41 ± 0.04 1.18 ± 0.12 2.90 ± 0.30
kl/s−1 0.51 ± 0.04 1.14 ± 0.10 1.68 ± 0.12 3.71 ± 0.22 5.72 ± 0.66 7.56 ± 2.84
2908 M. Malferrari et al. / Biochimica et Biophysica Acta 1848 (2015) 2898–2909measured in our study, i.e. j(0) ~ 5 10−3 e− BChl−1s−1 in control sam-
ples and j(0) ~ 4 e− Bchl−1s−1 in the presence of 0.5 M [N(CN)2]−, cor-
respond to current densities of 0.5mAm−2 and 0.4 Am−2, respectively.4. Conclusions
Chromatophore vesicles isolated from the purple photosynthetic bac-
terium Rb. sphaeroides are a convenient experimental model to study
how different ILs affect the permeability to ions of a native phospholipid
bilayer. Under appropriate conditions, the initial decay rate of the
electrochromic carotenoid shift induced by a short ﬂash of light probes
the overall ionic currents which discharge the chromatophore capaci-
tance, thus allowing the sensitive detection of changes in themembrane
permeability induced by different ILs. When adopting a statistical model
previously developed to characterize the mechanism of action of iono-
phores andmembrane pores, the kinetic analysis of the entire carotenoid
shift decay can in principle provide information on the distribution of the
IL molecules which interact with the vesicle population, and on the con-
ductance of single IL cations or anions permeating the chromatophore
membrane. By these approaches, we have found that, among the group
of ILs examined, the pyrrolidinium cationic moiety [Bmprl]+ is much
more effective than the imidazolinium group [Bmim]+ in increasing, at
concentration larger than 10−3 M, membrane permeability. The larger
ionic currents detected in the presence of [Bmprl]+ can be drawn back
mainly to more than six-times larger individual conductance of single
pyrrolidinium cations, which additionally exhibit a higher propensity
to bind to the chromatophore membrane, also perturbing more effec-
tively the background membrane leaks to other ions. The ability of the
pyrrolidinium cation of enhancing the discharging membrane current
is markedly reduced when an oxygen atom is introduced in its side
chain as an ethoxymethyl group. This results from a large decrease in
the individual conductance of the oxygenated pyrrolidinium cation, as
well as from the lower average number of cations permeating the chro-
matophore membrane. By the same approaches, also the effects exerted
by the anionic moiety have been characterized. In particular, the
dicyanamide anion has been found to be particularly active in enhancing
membrane permeability, independently of the nature of its cationic
counterpart, while the chloride anion has little or no effect. The large
ionic currents detected in the presence of dicyanamide appear to reﬂect
a relatively high individual conductance of the [N(CN)2]− anion, coupled
to its large propensity to bind to the chromatophore membrane; at con-
centration larger than 10 mM, the average number of permeating
[N(CN)2]− anions per chromatophore vesicle exceeds by almost one
order-of-magnitude that of [Bmprl]+. In line with this ﬁnding,
dicyanamide also appears to perturb the bilayer properties, inducing a
leak conductance which increases upon increasing the IL concentration.Our conclusions and speciﬁcally the range of concentrations at
which signiﬁcant effects of IL on membrane permeability were ob-
served, are consistent with the toxicological properties of some
imidazolium-based ILs on the growth of aquatic bacteria [64], suggest-
ing that the ability to alter the permeability of biological membranes
plays an important role in the toxicity of certain ILs.
As awhole, the results obtained demonstrate that the analysis of the
carotenoid shift decay in chromatophores represents a powerful tool in
the screening of ILs in terms of their interaction with native biological
membranes. Membrane permeability to ions plays a central role in
many important cell processes, like energy transduction, active trans-
port of solutes across cell compartments and signal transduction. The
sensitive and reliable detection of changes in themembrane permeabil-
ity induced by ILs is therefore expected to be of particular relevance
when evaluating their in vivo toxicity.
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